INTRODUCTION
Some freshwater cyanobacteria, such as benthic cyanobacteria Phormidium sp. strain J-1, Anabaenopsis circularis PCC6720 and Calothrix desertica PCC7102 and planktonic cyanobacteria Anabaena sp. N1444 and Anabaena sp. PC-1, have been reported to produce exopolysaccharides with flocculating activity (Fattom & Shilo 1984 , Bar-Or & Shilo 1987 , 1988 , Bender et al. 1994 , Choi et al. 1998 . However, up to now, no marine cyanobacteria have been reported to produce exopolysaccharides with flocculating activity.
The production of extracellular bioflocculants by benthic cyanobacteria is of considerable ecological importance. Aggregation and flocculation of suspended particles by bioflocculants might have a critical role in allowing light to penetrate to the sediment -water interface, thus facilitating the survival and growth of the benthic cyanobacteria that occupy a low-light zone (Fattom & Shilo 1984 , Bender et al. 1994 . Furthermore, through sedimentation of particles carrying absorbed nutrients, the flocculant might enhance the nutrient accumulation at the water-sediment interface where they would be more easily available to the benthic cyanobacteria (Fattom & Shilo 1984) . Additionally, it is proposed that attachment of cyanobacteria to the benthos can be facilitated by the mutual flocculation of cyanobacteria and clay particles, which is promoted by the extracellular bioflocculant of cyanobacteria (BarOr & Shilo 1988 , Sutherland 2001 .
Cyanobacterial mats commonly occur in coastal and hypersaline environments (Ladakis et al. 2006 , Abed et al. 2008 , Kremer et al. 2008 . Coastal cyanobacterial mats play an important role in structuring and biostabilizing coastal sediments and influencing coastal morphodynamics (Yallop et al. 1994 , Stal 2003 , respectively. Compared with the previously reported data about the flocculating activities of exopolysaccharide from the freshwater cyanobacterium Phormidium J-1, the presence of higher concentrations of metal ions was required for the flocculating activities of the RPSs from the 2 marine cyanobacteria studied here. The production of extracellular bioflocculants by the benthic cyanobacteria could be of considerable importance in the flocculation and sedimentation of clay particles in brines, which in turn would allow light to penetrate to the sediment -water interface.
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2008). Cyanobacterial mats in salterns are considered good for salt production through the prevention of brine permeation (Javor 2002 , Liu et al. 2002 . Microcoleus sp. and Lyngbya sp. are the predominating species of cyanobacterial mats in saltworks (Hua & Liu 1993) . In the present study, these 2 cyanobacteria were to release polysaccharides (RPSs) during growth, and we investigated the flocculating properties of RPS from Microcoleus sp. (M-RPS) and from Lyngbya sp. (L-RPS).
MATERIALS AND METHODS
Microorganisms and chemicals. Microcoleus sp. and Lyngbya sp. were isolated from the Tainan Saltworks, Jiangsu Province, PR China. Morphological classification of cyanobacteria was done according to Hua & Liu (1993) . The 16S rRNA gene sequences of Microcoleus sp. and Lyngbya sp. were deposited in GenBank, and their accession numbers are HQ343413 and HQ343414, respectively. The 2 unialgal isolates were grown at 25 ± 2°C in ASN-III medium (Rippka et al. 1979) . The cultures were continuously aerated by gently bubbling them with filtered air. A light intensity of 20 μmol photons m -2 s -1 was provided by white fluorescent tubes under a 12 h light:12 h dark cycle.
Kaolin (Sigma) clay slurries were prepared by dispersing clay particles (particle size: 0.1 to 4 μm) in 20 mmol l -1 Tris buffer. NaCl, KCl, MgCl 2 and CaCl 2 were purchased from Amesco, and all other chemicals used were analytical grade.
Preparation of RPS stock solutions. Cyanobacterial cells of exponential growth phase were removed by centrifugation (6000 × g, 20 min). The supernatant containing RPS was filtered first through a 0.45 μm and then a 0.22 μm mixed cellulose ester membrane to remove possible remaining cell debris. The filtered supernatant was transferred into dialysis tubes with a cutoff molecular weight of 7000 Da, dialyzed against distilled water at 4°C for 72 h and further concentrated by a rotary evaporator under reduced pressure at 45°C. Since lyophilized RPSs can not dissolve completely in distilled water and Tris buffer solution, the concentrated RPS solutions were used for preparing stock solutions. Carbohydrate content of RPS solutions were measured by the phenol-sulfuric acid method (Dubois et al. 1956 ) using glucose as a reference. The actual polysaccharide content in the RPS solution was calculated by multiplying the measured carbohydrate content (expressed as glucose equivalent) with experimentally determined correction factors of 7.01 and 3.53 for M-RPS and L-RPS, respectively. After mixing with 1 mol l -1 Tris buffer, the concentrated RPS solutions with final Tris concentrations of 20 mmol l -1 were used as stock solutions.
Chemical characterization of RPSs. The protein content was determined by the method of Bradford (1976) using bovine serum albumin as a reference. The uronic acid content was assayed using the carbazole method (Galambos 1967 ) and expressed as glucuronic acid equivalents. Quantitative analysis of sulfate was performed by the method of barium chloride-gelatin (Dodgson & Price 1962) . The fatty acid ester content of RPS was estimated after hydrolysis with 0.5 mol l -1 KOH (50°C, 90 min), extraction with petroleum ether, evaporation of the solvent and weighing (Bar-Or & Shilo 1987) . Lyophilized RPSs were hydrolyzed with 2 mol l -1 trifluoroacetic acid at 120°C for 3 h. For qualitative analysis, sugars in the hydrolysate were derivatized with 1-phenyl-3-methyl-5-pyrazolone for HPLC analysis (Strydom 1994) . HPLC runs were performed on a Zorbax SB-C18 column (150 mm high × 4.6 mm inside diameter) and a UV detector (245 nm) with a mobile phase of 0.1 mol l -1 phosphate buffer-acetonitrile (83:17, v/v). For qualitative and quantitative analysis, neutral sugars in the hydrolysate were converted into acetylated aldononitrile derivatives (Li et al. 1982) . After the dried hydrolysate was dissolved in 0.5 ml pyridine, 7 mg hydroxylamine hydrochloride was added. The mixture was reacted at 90°C for 30 min and cooled to room temperature. After the addition of 0.5 ml acetic anhydride, the reaction was continued at 90°C for a further 30 min. The acetylated aldononitrile derivatives were analyzed by gas-liquid chromatography on a HP6890 instrument equipped with a HP 55% phenyl methyl siloxane capillary column (30 m × 0.25 mm × 0.25 μm) and a flame ionization detector. The temperature profile was programmed as follows: 146°C for 2 min, from 146 to 210°C at 2°C min -1 , and from 210 to 280°C at 30°C min -1 . The carrier gas was N 2 and the flow rate was 1.2 ml min -1 . Determination of flocculating activity. Kaolin clay slurry was added into 7 ml test tubes containing RPS stock solution, and then the metal ion solution in 20 mmol l -1 Tris buffer was added. The final volume was adjusted to 5 ml with 20 mmol l -1 Tris buffer, and the final kaolin clay concentration was 3.5 g l -1
. The test tubes were vortexed thoroughly for 30 s and allowed to stand at room temperature (20°C) for 5 min. The turbidity of the upper 1.5 ml was measured at 550 nm (optical density; OD 550 ). A control without RPS was assayed in the same manner. Three replicates were carried out for each test. The flocculating activity, expressed as the decrease of OD 550 relative to the reference, was calculated according to the following equation (Buelna et al. 1990 To investigate the RPS concentration on the flocculating activity, various volumes of RPS stock solutions were added into test tubes. To investigate the effect of metal ions on the flocculating activity, various concentrations of metal ions including NaCl, KCl, MgCl 2 or CaCl 2 were added to the test tubes. To examine the effect of pH on flocculating activity, the Tris buffer was adjusted with HCl in the pH range of 3.0 to 10.5.
RESULTS AND DISCUSSION

Chemical characterization of M-RPS and L-RPS
No proteins were detected in M-RPS and L-RPS solutions. The monosaccharide composition of M-RPS and L-RPS is reported in Table 1 . HPLC analysis of the M-RPS and L-RPS hydrolysates showed the presence of galacturonic acid and glucuronic acid. The sulfate contents of M-RPS and L-RPS were 23.5 and 16.0%, respectively. The fatty acid ester contents of M-RPS and L-RPS were 4.2 and 7.2%, respectively.
Effects of M-RPS and L-RPS concentration on flocculating activity
In the Tainan Saltworks, the cyanobacterial mat was composed mainly of Microcoleus, Lyngbya, Oscillatoria and Phormidium (Hua & Liu 1993) . Microcoleus sp., Lyngbya sp. and Oscillatoria sp. were isolated from the saltworks. Our preliminary experiments showed that the RPSs from all 3 cyanobacteria showed flocculating activity, and that high concentrations of metal ions were required for the flocculating activity. Flocculating activities of the RPSs from Microcoleus sp. and Lyngbya sp. were investigated further. The flocculating activity of M-RPS increased following the increase of M-RPS concentration from 0 to 40 mg l -1 and decreased thereafter (Fig. 1a) . As for L-RPS, the peak flocculating activity occurred at 20 mg l -1 L-RPS (Fig. 1b) . This phenomenon, with respect to excess flocculant, has been reported by others (Fattom & Shilo 1984 , Prasertsan et al. 2006 , Zheng et al. 2008 ).
Effects of pH and various metal ions on flocculating activity
The flocculating activities of both M-RPS and L-RPS decreased with the increasing pH (Fig. 2) . This suggested that the hydroxide ion (OH -) may interfere with the complex formation of RPSs and kaolin clay mediated by metal ions, leading to the suspension of kaolin clay (Prasertsan et al. 2006) . This is consistent with the flocculating activities of the polysaccharide bioflocculants produced by Anabaena sp. PC-1 and the bacterium Bacillus sp. F19 (Choi et al. 1998 , Zheng et al. 2008 . The effects of various metal ions on flocculating activity of M-RPS and L-RPS were examined using NaCl, KCl, MgCl 2 and CaCl 2 (Figs. 3 & 4) . The presence of metal ions was essential for the flocculating activity. At pH 3 or pH 8, the flocculating activity of both M-RPS and L-RPS increased with increasing metal ion concentrations and reached their plateaus when the concentrations of NaCl, KCl, MgCl 2 and CaCl 2 were increased to 0.4, 0.4, 0.2 and 0.2 mol l -1 , respectively. Fattom & Shilo (1984) reported that exopolysaccharide of the freshwater benthic cyanobacterium Phormidium J-1 can flocculate bentonite only above critical concentrations of monovalent and divalent metal ions, and 0.8 mmol l -1 Mg 2+ and 12 mmol l -1 Na + are sufficient to achieve maximum flocculating activity. Our results showed that the presence of higher concentrations of metal ions was required for the flocculating activities of the RPSs from marine cyanobacteria Microcoleus sp. and Lyngbya sp. compared with the freshwater cyanobacterium Phormidium J-1. Fattom & Shilo (1984) suggested that the flocculation process induced by divalent metal ions is based on the bridging mechanism. There is no report on the mechanism that induces flocculation by monovalent metal ions. We speculate that, as with bivalent metal ions, the presence of monovalent metal ions may also decrease the negative electrical charge density of the clay particles and of the bioflocculant molecules and increase the flocculation efficiency.
Solar salterns can be modeled as flow-through pond systems in which seawater flows in from the seawater inlets and passes through the crystallizer ponds. In a typical coastal solar saltern, seawater is pumped into a series of shallow evaporating ponds where the salinity of seawater is concentrated up to saturation of NaCl (Javor 2002) . As the brines slowly flow downstream to the crystallizers, the concentrations of the components that include Na , respectively (Li et al. 2000) . In the saltern of the Bretagne, France, the pH values of the brine and sediment are in the range of 7.1 to 9.5 and 6.2 to 6.9, respectively (Giani et al. 1989) . Our data indicate that M-RPS and L-RPS might maintain the flocculating activity in the saltern brine. The production of extracellular bioflocculant by the benthic cyanobacteria could be of considerable significance in the flocculation and sedimentation of clay particles in the brines, thus allowing light to penetrate to the sediment -water interface. Furthermore, the mutual flocculation of benthic cyanobacteria and clay particles is promoted by the production of extracellular flocculants, thus facilitating attachment to the benthos (Bar-Or & Shilo 1988) . Therefore, the production of extracellular bioflocculant by Microcoleus sp. and Lyngbya sp. might facilitate the survival and growth of the benthic cyanobacteria in the saltern. By contrast, in our previous report, Aphanothece halophytica, a cyanobacterium forming surface bloom in the saltern, was found to produce RPS with claydispersing activity, which inhibits mutual flocculation of the cyanobacterium and clay particles and may prevent the sedimentation of the cyanobacterium in the brine (Chen et al. 2010 
CONCLUSIONS
Compared with the previously reported data about the flocculating activities of the exopolysaccharide from the freshwater cyanobacterium Phormidium J-1, the presence of higher concentrations of metal ions was required for the flocculating activities of the RPSs from the marine benthic cyanobacteria Microcoleus sp. and Lyngbya sp. The production of extracellular bioflocculant by the benthic cyanobacteria could be of importance for flocculation and sedimentation of clay particles in brines, which in turn would allow light to penetrate to the sediment -water interface. 
